Introduction {#s1}
============

During human social interaction, body movements and behavior synchronize at many levels. This interpersonal coordination can be intentional or unintentional, and it can take many shapes. In conversation, participants\' utterance length, vocabulary, and information density, as well as body posture and the use of non-verbal gestures often adapt or match (Condon and Ogston, [@B8]; Kendon, [@B28]; Giles et al., [@B18]; Chartrand and Bargh, [@B5]; Gonzales et al., [@B19]). Similarly, continuous rhythmic behaviors can entrain, or converge in phase and period (Pikovsky et al., [@B36]; Clayton et al., [@B7]). Such an entrainment to a common rhythm can be seen in music and dance, finger tapping, rocking in chairs or gait when walking side by side (Boker et al., [@B4]; Repp, [@B39]; Richardson et al., [@B41]; Nessler and Gilliland, [@B34]; Himberg and Thompson, [@B22]). Entrainment has positive affective consequences (Hove and Risen, [@B23]; Wiltermuth and Heath, [@B52]), and while foregrounded in music and dance, timing and entrainment also play important roles in verbal and non-verbal communication (Bavelas et al., [@B2]; Shockley et al., [@B44]; Cummins, [@B10]).

During smooth conversation, turn-taking is accurately regulated between the participants, who thereby can avoid overlap of speech and optimize silence between the turns. To time their own contributions correctly, the participants need to be able to predict the end of their partner\'s turn. Traditionally, turn-taking is said to be governed by a set of linguistic rules (Sacks et al., [@B42]), while more contemporary theories have suggested turn-taking to be driven by entrainment of oscillatory processes (Wilson and Wilson, [@B51]), and to operate at the level of prosody and timing, rather than linguistic units (Cowley, [@B9]). Turn-taking is often seen as fundamental in human cognition, even as a species-specific, evolutionary adaptation (Sidnell, [@B44a]). The basic mechanisms of turn-taking are thought to be universal, although different languages somewhat vary in the optimal duration of gaps between turns (Stivers et al., [@B45]).

Interpersonal entrainment is a result of continuous mutual adaptation, as has been demonstrated in simple hand-tapping tasks performed by two persons (Konvalinka et al., [@B29]) as well as in dance (Himberg and Thompson, [@B22]). Such mutual adaptation emerges in live dyadic interaction and can be observed already in infants (Malloch and Trevarthen, [@B33]). For example, when participants read texts together, their verbal outputs are better synchronized when they are in live interaction than when they co-read with recorded speech (Cummins, [@B10]). Moreover, partners synchronize their finger-tapping better with other humans than with non-responsive computer partners (Himberg, [@B21]).

Interpersonal coordination in dyads and groups can either occur by matching behaviors, such as gestures, posture, or vocabulary, or as continuous synchronization (Bernieri and Rosenthal, [@B3]; Dale et al., [@B11]). Both types of coordination occur in natural conversations, but from an experimental perspective, both have complications. Behavior matching, although commonly observed in many aspects of conversations (e.g. as imitation of the other person\'s actions, called "chameleon effect" by Chartrand and Bargh, [@B5]), occurs intermittently, as the interlocutors do not mirror each other\'s contributions, but rather interact in a complementary fashion (Abney et al., [@B1]). Also, the time lags of matching are unpredictable, and can be as long as minutes (Louwerse et al., [@B31]). Continuous synchronization also occurs during natural conversations, for example, the body sways of the interlocutors synchronize. However, these movements are so small that measuring them requires special sensors, and even then the signal is noisy and the data analysis is complicated (Shockley et al., [@B44]). To overcome these complications, we used a word game where turns change predictably and often enough, and thus we could measure interpersonal coordination from the speech signals.

Our aim was to experiment on interpersonal coordination using a linguistic task, to contrast with the cognitively less challenging finger-tapping tasks that are the traditional approaches to studying intentional synchrony (Repp, [@B39]). We aimed at a task that would feel natural and be easy to explain to the subjects and would allow us to measure interpersonal synchronization directly from the speech signals, rather than relying on changes in secondary, oscillatory movements, such as swinging a pendulum or rocking in a chair (Richardson et al., [@B40], [@B41]). Unlike Reich et al. ([@B38]) who looked at pitch synchrony between therapists and clients, we were interested in word timing. We thus asked pairs of participants to create stories word by word, each contributing one word at a time. Since turn-taking occurred after every word, we were able to study word timing in a relatively controlled situation. As Finnish is a highly inflected language, each turn consisted of a meaningful word, rather than a preposition, article etc. that do not exist in Finnish (see Supplementary Information 1). Our participants were seated in separate rooms and connected via either an audiovisual link ("video call") or audio-only link ("telephone call"), allowing us to analyze the relative contributions of auditory and visual cues to speech-rhythm entrainment. The terminology and criteria regarding synchronization and entrainment vary largely in the literature (for a review, see Himberg, [@B21], pp. 21--35), but in the present study, by word-rhythm entrainment, we refer to phase-locking of the temporal sequences of word onset times of the two participants.

Methods {#s2}
=======

Participants, apparatus, materials
----------------------------------

We studied 18 healthy adults (12 males, 6 females; aged 21--43 years, mean ± SD 27.1 ± 0.6 years), all native Finnish speakers, forming 9 sex-matched pairs. After the course of the study had been explained to the subjects, they gave their written informed consent. The study had prior approval by the Ethics Committee of the Hospital District of Helsinki and Uusimaa.

The data were collected during a two-person magneto-encephalography (MEG) experiment, using a MEG2MEG setup (Baess et al., [@B1a]) but only the behavioral results will be reported here. Participants were seated in separate rooms and, depending on the task condition, they had either an audio-only connection (microphones and headphones), or an audiovisual connection where they could also see a video feed of the other participant in natural size on a projection screen positioned 1 m in front of them.

In our custom-made internet-based communication system, the one-way latency is 50 ± 2 ms for audio signal and 130 ± 12 ms for video (Zhdanov et al., [@B53]). In a pilot dyad, the participants reported they did not notice any lags in either audio or video transmission, and they rated the feeling of presence of their partner at 9 on a 10-point scale. Our participants also reported not to have detected the 80-ms asynchrony between the audio and video inputs during normal conversation that was also included in the setup. This feeling of real-life-like presence of the other person is understandable because the audio and video latencies of our system were well under the limits for smooth conversation (100 ms for audio, 500 ms for video; Jansen and Bulterman, [@B26]), and even under the limits for more delay-sensitive tasks (60 and 140 ms; Kurita et al., [@B30]). The asynchrony between the audio and video inputs was within the 130-ms integration window within which auditory and visual speech inputs are considered synchronous, when the auditory input precedes the visual one (Dixon and Spitz, [@B12]; Vroomen and Stekelenburg, [@B50]). We therefore considered the transmission latencies of our setup to be negligible for our task, where inter-word intervals were over 2 s.

Procedure
---------

Participants were instructed to construct a story, contributing one word at a time in alternating turns. They were free to select the topic of the story, and no instructions were given regarding the rhythm or the timing of the words. The experimenter indicated which participant was supposed to start. The stories were about 5 min in duration. Each dyad constructed two stories, one in which they had only an audio connection, and another where they also could see each other on screen. The order of conditions was counterbalanced across dyads. Because of time constraints, two of the nine dyads completed the task in only one of the two conditions, leaving 16 stories to be analyzed.

Analysis
--------

We aimed to quantify the rhythm of speech and the interdependence of word timing both for each single individual and between the participants of a dyad. A total of seven instances of coughing, laughing and interruptions due to not hearing the word were removed from the data.

In speech, the stream of stressed syllables generates the word rhythm (Vos et al., [@B49]; Scott, [@B43]). In Finnish, word stress occurs on the first syllable of the word (Iivonen, [@B24]), and therefore we opted to use word onsets as the basis of our word-rhythm analysis. Word onset and offset times were defined in Matlab 7 (MathWorks) from the 48-kHz audio files as the moments where the sound envelope exceeded the level of background noise during silence. After the detection of the onset and offset times, each sound was labeled manually as a word or a non-word and then transcribed. If the actual word was preceded by an interjection (participant saying e.g. "umm... fishing"), the beginning of the interjection was selected as the onset time, as in many cases the interjection and the word were inseparably merged.

Four different time series were extracted from the word-onset and -offset data (Figure [1A](#F1){ref-type="fig"}): inter-turn intervals (ITIs; times between consecutive word onsets for one speaker), inter-word intervals (IWIs; times between successive word onsets in the joint stream), word durations (DURs), and gap durations (GAPs).

![**(A)** variables extracted from the word onset-offset times; **(B)** histograms of inter-turn intervals, inter-word intervals and word durations; **(C)** IWI, the joint series of word timings, example data from one story; **(D)** ITI, the individual series of word timings, example data from the same story as in **(C)**. Blue line refers to Participant 1 and red line to Participant 2.](fpsyg-06-00797-g0001){#F1}

The IWI and ITI time series were converted to phase values, and the concentrations of the resulting circular distributions were used as stability and entrainment measures (see Supplementary Information 2). The stability measure represented the "steadiness" of the consecutive IWIs or ITIs, quantifying how similar each time interval was in relation to the previous one: equally long intervals yielded a phase value of zero, while deviations yielded non-zero values ranging from 1 to 359°.

The entrainment measure, on the other hand, reflected the consistency of the interrelationship between the ITIs of the two participants. It was calculated by measuring where, within one participant\'s ITIs, the other participant\'s word onsets occurred. If Participant 1 uttered a word at exactly half way the ITI of Participant 2, the phase value was 180°, with deviations from this anti-phase state ranging theoretically from 0 to 359°. In practice, however, the possible range of relative angles was somewhat narrower (we observed it to range from 14 to 326°), because the participants needed to avoid overlaps (zero relative phase would mean that both participants would start their words simultaneously).

For both stability and entrainment, circular distribution measure R (Fisher, [@B13], p. 32) and mean angle θ were calculated for each trial, as well as for all the data of the experiment. R ranges from 0 (no stability or no entrainment) to 1 (perfect stability or perfect entrainment), and it has previously been used in quantifying individual timing stability and especially synchronicity and entrainment in dyadic and group timing (Himberg, [@B20], [@B21]; Rankin et al., [@B37]; Lucas et al., [@B32]).

To statistically evaluate whether the word rhythms in trials were stable and/or entrained, we conducted *V*-tests and Kuiper two-sample tests to see if the observed distributions statistically differed from uniform distributions (Fisher, [@B13]; Jammalamadaka and Sengupta, [@B25]). For the entrainment measure, we compared the observed distribution with a uniform distribution from 14 to 326°, corresponding to the range of phase angles that was observed in the study.

Results {#s3}
=======

General
-------

In the 16 stories by 9 different dyads, a total of 2261 words were uttered, on average 141.3 words per story, or 70.7 (range 43--110) words per participant per story. Figure [1B](#F1){ref-type="fig"} shows the histograms for word durations, IWIs, and ITIs. The word durations were on average (mean ± SD) 0.69 ± 0.23 s, IWIs were 2.14 ± 1.15 s, and ITIs were 4.29 ± 1.80 s.

Participants produced the words in a normal tempo with a mean rate of 3.3 syllables/s, which is comparable to that of normal spoken Finnish (Toivola et al., [@B48]). As expected, due to the nature of the task, the gaps between words (on average 1.45 s) were longer than in normal, continuous speech (0.5 s, Toivola et al., [@B48]). The sentences that the participants constructed together were syntactically coherent. Across all pairs, sentences contained on average 9.3 ± 1.7 words (range 2--24), and a story contained on average 14.9 ± 6.8 sentences.

Stability and entrainment
-------------------------

Figures [1C,D](#F1){ref-type="fig"} show the ITI and IWI data from an individual story. Both the IWIs and ITIs varied a lot from one word to the next, often by several seconds, making word timing unstable. However, the inter-turn intervals of the two participants (1D) were highly correlated (for this example *r* = 0.72, *p* \< 0.001) with each other, indicating high entrainment between the participants.

The circular histograms in Figure [2](#F2){ref-type="fig"} confirm this pattern for the whole experiment, demonstrating that word rhythms were highly entrained even though the individual and joint timings were unstable. The distribution of the relative phase angles (Figure [2](#F2){ref-type="fig"}) calculated from the ITIs has a clear preferred direction toward 180°, indicating anti-phase entrainment. The entrainment measure for the pooled data was R = 0.70, and R = 0.74 ± 0.05 for the 16 individual stories. Instead of varying evenly within its observed range (14--326°), the distribution shows a heavy weighting to anti-phase angles, with 95% of the values concentrated between 78 and 270°. This phase attraction toward the anti-phase was also demonstrated in statistical tests, where, in all stories, the observed distributions deviated statistically significantly from uniform distributions (*p* \< 0.01; Kuiper test).

![**High entrainment in the absence of stability**. Circular histograms of relative phase (entrainment) and stability distributions in the whole experiment. Red dashed lines represent uniform distributions of data and the range of observed data.](fpsyg-06-00797-g0002){#F2}

In contrast, the distributions for both the individual word timings (ITI, Figure [2](#F2){ref-type="fig"}) and in the joint time series of word onsets (IWI) were uniformly spread around the circle without any clear preference. The stability measures were very low, R = 0.14 for ITI, and R = 0.13 for IWI.

Looking at the 16 joint time series and the 32 individual time-series (16 stories ^\*^ 2 participants) separately, the stability measure R was 0.15 ± 0.064 for the joint timings (IWIs) and 0.18 ± 0.071 for the

individual timings (ITIs). *V*-tests confirmed that with the exception of three cases, all individual ITI time-series were unstable, as the distributions did not differ from uniform distribution toward the expected mean direction of zero at *p* \< 0.05.

The stability and entrainment scores did not differ between the audio-only and audiovisual conditions (*p* = 0.39 for IWI, *p* = 0.15 for ITI, and *p* = 0.15 for entrainment; paired two-tailed *t*-tests).

Discussion {#s4}
==========

We found that when two participants were creating stories together, in turns, one word at a time, their word rhythms were strongly entrained. Such a high level of entrainment was unexpected, as the word rhythms themselves were very unstable, and the participants were not given any instructions related to word rhythm, tempo, or timings of their words. Previously, entrainment of comparable strength has been observed in finger-tapping tasks, where the entraining beats occur at equal intervals and the participants are specifically asked to aim for accurate anti-phase timing. The unexpected independence of high levels of entrainment from a stable word-to-word rhythm is in line with the oscillation-based theory of turn-taking (Wilson and Wilson, [@B51]), which assumes that conversation participants are entrained to a common rhythm that is established by shared syllable timing (Street, [@B46]). This shared rhythm governs the participants\' "readiness" to take turns, and it helps them to optimize turn-taking so that it does not comprise overlaps and long silences.

Interpersonal coordination and adaptation occur in a wide range of tasks, such as pronouncing letters of the alphabet (Kawasaki et al., [@B27]) or in anti-phase finger tapping (Nowicki et al., [@B35]). These rather simple tasks mainly recruit automatic entrainment processes, whereas our task of joint story building required advanced cognitive operations to guarantee that the story evolved in a meaningful and smooth manner.

As an automatic and subconscious process, entrainment is assumed to subserve communicative interaction (Gallese, [@B14], [@B15]; Himberg, [@B21]), and in our task, participants needed to be aligned at the semantic and syntactic levels, as well as the speech-process level (Clark, [@B6]; Garrod and Pickering, [@B16]). The high entrainment that we observed could be what allowed the participants to reach this multi-level, multimodal coordination (Dale et al., [@B11]).

In our study, stability and entrainment were statistically similar in "telephone-like" trials (with only auditory connection between the participants) and "video-call-like" trials (with auditory and visual connection between the participants). This result partly agrees with the results of a previous corpus study of face-to-face as well as telephone dialogs, where pause durations between participants were highly correlated in both types of conversations, suggesting entrainment to a common rhythm even in telephone-mediated conversations (Ten Bosch et al., [@B47]). However, in the corpus study, the pauses were longer and more variable in the face-to-face conversations. We did not observe such differences, possibly because due to the simultaneous MEG recording, our participants were asked to sit still, which limited the amount and utility of gestural communication between them. All task-critical information was delivered through the auditory channel.

Although our participants conducted the story-building task in a laboratory setting that restricted their body movements, highly entrained speech rhythms emerged spontaneously in their interaction. This mutual adaptation of speech rhythms implies speech as a strong inducer of entrainment, even when the participants just hear each other.
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